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The  combustion  of  ultra-lean  fuel/air  mixtures  provides  an  efficient  way  to  convert  the  chemical  energy 
of  hydrocarbons  and  low-calorific  fuels  into  useful  power.  Matrix-stabilized  porous  medium  combustion 
is  an  advanced  technique  in  which  a  solid  porous  medium  within  the  combustion  chamber  conducts  heat 
from  the  hot  gaseous  products  in  the  upstream  direction  to  preheat  incoming  reactants.  This  heat 
recirculation  extends  the  standard  flammability  limits,  allowing  the  burning  of  ultra-lean  and  low- 
calorific  fuel  mixtures  and  resulting  a  combustion  temperature  higher  than  the  thermodynamic  equi¬ 
librium  temperature  of  the  mixture  (i.e.,  super-adiabatic  combustion).  The  heat  generated  by  this 
combustion  process  can  be  converted  into  electricity  with  thermoelectric  generators,  which  is  the  goal  of 
this  study. 

The  design  of  a  porous  media  burner  coupled  with  a  thermoelectric  generator  and  its  testing  are 
presented.  The  combustion  zone  media  was  a  highly-porous  alumina  matrix  interposed  between  up¬ 
stream  and  downstream  honeycomb  structures  with  pore  sizes  smaller  than  the  flame  quenching  dis¬ 
tance,  preventing  the  flame  from  propagating  outside  of  the  central  section.  Experimental  results  include 
temperature  distributions  inside  the  combustion  chamber  and  across  a  thermoelectric  generator;  along 
with  associated  current,  voltage  and  power  output  values.  Measurements  were  obtained  for  a  catalyti- 
cally  inert  A1203  medium  and  a  SiC  coated  medium,  which  was  tested  for  the  ability  to  catalyze  the  super- 
adiabatic  combustion.  The  combustion  efficiency  was  obtained  for  stoichiometric  and  ultra-lean  (near 
the  lean  flammability  limit)  mixtures  of  CH4  and  air. 

©  2013  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Matrix-stabilized  porous  burner  technology  is  an  advanced 
combustion  method  in  which  a  mixture  of  fuel  and  oxidizer  is 
burned  within  a  solid  porous  medium,  providing  favorable  condi¬ 
tions  for  the  combustion  of  lean  mixtures.  The  solid  porous  me¬ 
dium  provides  a  mechanism  of  heat  recirculation  where  the  high 
temperature  combustion  products  in  the  post-flame  zone  heat  the 
upstream  porous  solid  which,  in  turn,  preheats  the  incoming  re¬ 
actants,  [1-4],  where  the  comprehensive  review  of  the  combustion 
in  porous  media  is  provided  in  Ref.  [1  ],  a  modeling  of  combustion  in 
side  of  the  porous  media  presented  in  Ref.  [2],  design  and  operation 
of  the  porous  burner  described  in  Ref.  [3],  porous  media  compact 
heat  exchanger  is  investigated  in  Ref.  [4].  The  process  results  in  a 
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flame  temperature  higher  than  the  equilibrium  adiabatic  value 
achievable  by  the  fuel— oxidizer  mixture  in  the  absence  of  a  porous 
medium.  This  process  is  called  super-adiabatic  combustion  [5-9].  A 
porous  medium  with  a  very  large  surface-area-to-volume  ratio 
increases  contact  of  the  solid  and  gas,  thus  maximizing  the  heat 
transfer  between  the  solid  and  gas  phases  [7,10,11].  Such  a  heat 
transfer  mechanism  is  absent  in  a  typical  gas  burner.  The  heat 
transfer  is  further  enhanced  by  the  dispersion  of  the  gases  flowing 
through  the  porous  medium  and  the  mixing  due  to  turbulence 
generated  by  the  presence  of  the  solid  medium  [2,8].  Fig.  1  shows  a 
schematic  presentation  of  a  three-section  porous  burner.  The  flame 
is  stabilized  and  localized  within  the  central  high-porosity  section 
interposed  between  two  lower-porosity  honeycomb  sections  that 
serve  to  quench  the  flame  if  it  propagates  upstream  or  downstream 
of  the  central  section. 

Because  porous  burners  are  advantageous  for  sustaining  lean 
flames,  they  are  also  desirable  for  burning  low-calorific  gases 
[12,13].  Among  possible  practical  applications  of  porous  burner 
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Fig.  1.  Schematic  of  porous  burner  assembly;  1  -  Air  cooling  system,  2  -  Thermoelectric  device,  3  -  Metallic  casing,  4  -  Low  porosity  section,  5  -  Reactant  inlet  plate,  6  -  Exhaust 
side  plate,  7  -  High-porosity  section.  The  arrows  point  out  on  the  specific  parts  of  the  assembly. 


technology  are  power  generation  via  thermoelectric  devices 
[9,14-16],  small  scale  heating  purposes  [17],  and  combustion  of 
low-calorific  value  landfill-seepage  gases  [3,18]. 

Thermoelectric  generators  operate  by  utilizing  the  Seebeck  ef¬ 
fect:  a  temperature  difference  across  two  joined,  but  different, 
conducting  materials  will  create  a  voltage  [19].  In  order  to  further 
increase  the  voltage  and  power  output,  the  temperature  difference 
may  be  increased  by  increasing  the  hot-side  temperature  and/or 
decreasing  the  cool-side  temperature  across  the  device.  Therefore, 
for  a  burner  utilizing  thermoelectric  devices,  the  power  generated 
can  be  maximized  by  increasing  the  combustion  temperature, 
and/or  by  cooling  the  cool-side  of  the  device  through  either  passive 
means,  like  a  heat-sink,  or  active  means,  like  a  fan  or  impinging  air 
jet.  It  is  a  standard  practice  to  connect  multiple  thermoelectric 
devices  together  in  series  to  increase  the  voltage  and  power  out¬ 
puts,  as  was  already  done  in  most  commercially-available  ther¬ 
moelectric  devices  [19].  The  discussed  burner  prototype  design 
uses  an  impinging  jet  of  air  to  cool  the  cool-side  of  the  thermo¬ 
electric  device  while  the  hot-side  of  the  thermoelectric  module  is 
mounted  directly  on  the  surface  of  the  metallic  casing  to  regulate 
the  temperature  in  the  combustion  zone  down  to  an  acceptable 
amount  below  the  temperature  limit  of  the  thermoelectric  mate¬ 
rial.  The  use  of  a  porous  medium  burner  coupled  with  thermo¬ 
electrics  has  the  potential  to  provide  a  reliable  source  of  power. 

The  goal  of  this  research  is  to  report  (i)  the  design  of  the  porous 
burner  and  (ii)  test  its  performance  using  both  inert  and  catalytically 
active  porous  media  for  combustion  as  well  as  (iii)  utilizing  ther¬ 
moelectric  modules  to  collect  electric  power.  The  comparison  of 
porous  burner  performance  using  alumina  and  silicon  carbide  coated 
porous  media  was  used  to  find  out  if  catalytically  active  SiC  would 
provide  advantages  over  catalytically  inert  AI2O3  porous  matrices. 

2.  Design  of  porous  burner 

Special  consideration  must  be  given  to  the  configuration  design 
and  material  selection  for  the  porous  burner  to  avoid  easy 


degradation  and  maximize  the  heat  transfer  capabilities.  The 
photograph  of  assembled  porous  burner  ready  for  operation  is  shown 
in  Fig.  2A.  Good  heat  transfer  properties  of  the  solid  medium  allow 
the  burning  of  lean  mixtures,  maintain  a  homogeneous  maximum 
flame  temperature  over  the  length  of  the  combustion  zone,  and  allow 
time  for  CO  oxidation  [10,20-22]  which  helps  to  lower  air  pollution. 
Because  the  power  conversion  using  thermoelectric  effect  is  pro¬ 
portional  to  the  surface  area  of  the  device,  it  is  desirable  to  have  high 
temperatures  over  the  entire  length  of  the  burner. 

Solid  porous  media  could  be  made  as  reticulated  foam,  a  packed 
bed  of  spheres  or  saddles,  thin  wire  mesh,  foil,  or  even  an  ordered 
structure  such  as  a  honeycomb  [23,24].  In  comparison  with  other 
porous  media,  foams  exhibit  much  better  convective  heat  transfer  due 
to  their  large  internal  surface  area.  Foams  have  the  additional  advan¬ 
tage  of  being  easily  manufacturable  in  a  variety  of  complex  shapes  [12]. 
Packed  beds  of  ceramic  spheres  or  saddles  have  somewhat  worse  heat 
transfer  characteristics  than  foams  due  to  poor  heat  transfer  (i.e.,  extra 
contact  thermal  resistances)  between  individual  elements  [1,12,25]. 
Wire  meshes  and  foils  are  problematic  due  to  thermal  degradation  at 
high  temperatures,  in  addition  to  extra  thermal  resistances  [12,25]. 
The  porous  foam  material  in  the  burner  can  be  catalytically  inert,  such 
as  alumina,  quartz  or  zirconia,  and  may  be  coated  with  a  catalytically 
active  material  to  help  facilitate  the  combustion  process,  [1,26,27] 
especially  for  ultra-lean  or  low-calorific  mixtures.  A  catalytically 
coated  ceramic  foam/porous  matrix  is,  therefore,  highly  desirable. 

One  of  the  most  broadly  used  materials  for  the  combustion 
section  is  porous  alumina  [10,11,13].  It  is  known  that  alumina  does 
not  exhibit  catalytic  properties  to  facilitate  fuel  oxidation  and  ox¬ 
ygen  reduction  to  promote  combustion,  but  it  has  a  lot  of  advan¬ 
tages:  such  as  easy  manufacturability,  high  mechanical  strength, 
low  cost,  and  broad  availability.  The  parameters  of  alumina  used  as 
a  media  in  super-adiabatic  combustion  are  the  size  of  pores  typi¬ 
cally  in  the  range  of  1  -2  mm  and  porosity  level  at  80-85%,  in  order 
to  provide  the  best  environment  for  combustion  [5,18,28].  Thus, 
in  the  proposed  design  of  the  central  combustion  section  of 
the  porous  burner,  commercially-available  highly-porous  (80%) 
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Fig.  2.  Top:  Picture  of  proof-of-concept  burner  prototype;  Bottom  left:  the  burner  configuration  with  a  central  high-porosity  ceramic  foam  section  and  two  outer  low-porosity 
honeycomb  sections  resting  in  a  metallic  casing.  Bottom  right:  an  end  view  of  one  of  the  low-porosity  side  sections. 


alumina  is  used  (Fig.  2B),  while  the  upstream  and  downstream 
sections  contain  honeycomb  alumina  structures  with  62  pores/cm2 
porosity,  shown  in  Fig.  2B  and  C.  The  highly-porous  alumina  part 
had  a  5.08  cm  diameter  and  a  7.62  cm  length,  and  was  used  as  a 
combustion  chamber  in  the  central  section  of  the  porous  burner 
(Fig.  2B).  The  honeycomb  alumina  media  with  a  62  pores/cm2 
porosity  used  in  the  upstream  and  downstream  sections  are  shown 
in  Fig.  2B  and  C.  The  two  honeycomb  sections  have  a  pore  size 
smaller  than  the  quenching  distance,  serving  to  prevent  flame 
propagation  in  either  the  upstream  or  downstream  direction  and  to 
stabilize  the  combustion  zone  within  the  central  alumina  section. 

The  final  design  of  the  porous  media  burner  for  super-adiabatic 
combustion  is  shown  in  Fig.  1  and  it  includes  the  following 
components: 

•  A  rectangular  steel  casing  with  a  cylindrical  interior  to  house 
the  porous  sections. 

•  A  highly-porous  pure  alumina  (99.5  wt%  AI2O3)  reticulated 
foam  (76.2  mm  long  and  50.8  mm  in  diameter,  porosity  of  80%, 
20  ppi)  that  will  contain  the  flame  as  the  central  section  and 
transport  heat  to  the  casing  (Manufacturer:  Siid-Chemie  Hi¬ 
Tech  Ceramics,  Louisville,  KY). 

•  Two  lower-porosity  alumina  honeycomb  sections  (62  pores/ 
cm2)  before  and  after  the  central  section  to  keep  the  flame 
confined  (Manufacturer:  Applied  Ceramics,  Laurens,  SC). 


•  A  thermoelectric  device  to  harvest  the  heat  released  by  com¬ 
bustion.  The  current  work  uses  a  commercially-available  Bi2Te3 
alloy  module.  It  has  a  maximum  no-load  power  output  of 
7.95  W  and  hot-side  temperature  limit  of  250  °C  and  4.97% 
conversion  efficiency  (Model  number  TG  12-8-01 -L;  Manu¬ 
facturer:  Marlow  Industries,  Inc.,  Dallas,  TX). 

•  An  impinging  jet  manifold  to  cool  the  cool-side  of  the  ther¬ 
moelectric  to  maximize  the  temperature  difference,  and 
therefore  power  output,  of  the  thermoelectric  module. 

•  The  flow  controllers  used  to  measure  the  incoming  air  and  fuel 
flows  are  OMEGA  FMA-3206  models  (Manufacturer:  OMEGA 
Engineering  Inc.,  Stanford,  CT). 

•  The  filter  used  for  the  reactant  air  flow  is  a  9.5  mm  NPT  (F)  Air 
Line  Filter  (Manufacturer:  Ingersoll  Rand,  Davidson,  NC). 

•  The  variable  voltage  sources  used  as  inputs  to  the  flow  controllers 
are  GW  INSTEK  PSS-2005  Programmable  Power  Supplies 
(Manufacturer:  Good  Will  Instrument  Co.,  Ltd,  Chino,  CA). 

•  The  data  acquisition  system  used  is  an  USB-6210  16  inputs  16- 
bit  250  kS/s  Multifunction  I/O  (Manufacturer:  National  In¬ 
struments,  Austin,  TX). 

•  Eight  type-K  insulated  thermocouples  to  obtain  an  accurate 
temperature  measurements  within  the  burner  and  to  measure 
the  temperature  difference  across  the  thermoelectric 
module  (Manufacturer:  OMEGA,  #XC-I<-24-25,  24awg  gauge, 
rated  to  1200  °C,  Standford,  CT). 
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•  KLINGERsil  Milam  Laminate,  Type  PSS,  high  temperature, 
870  °C,  gasket  material  is  used  between  the  joining  sections  of 
the  casing  (Manufacturer:  Macroseal,  Inc.,  Hopewell,  VA). 

•  Durablanket  S  type  insulation  was  used,  made  from  spun 
ceramic  fibers,  rated  up  to  1260  °C  (Manufacturer:  Unifrax 
Corporation,  Niagara  Falls,  NY). 

•  The  igniter  used  has  a  power  supply  of  117  V  and  10  mA  firing  at 
a  rate  of  4  Hz. 

A36  steel  is  used  as  the  burner  casing  material  to  enable  good 
heat  conduction  (with  thermal  conductivity  k  =  51.9  W/(m  K))  to 
the  thermoelectric  devices.  The  casing  is  split  into  two  equal 
parts  and  is  sealed  with  a  number  of  screws  and  a  high  tem¬ 
perature  gasket  to  allow  easy  replacing  of  the  porous  alumina 
sections,  as  shown  in  Fig.  1.  Five  thermocouples  are  located  inside 
the  metal  casing  within  the  flow,  while  the  other  two  are  located 
outside;  one  between  the  casing  and  the  hot-side  of  the  ther¬ 
moelectric  module  and  one  on  the  cool-side  of  the  thermoelec¬ 
tric  module. 

Fig.  1  shows  a  schematic  presentation  of  a  porous  burner,  in 
which  the  flame  is  stabilized  and  localized  within  the  central 
higher-porosity  combustion  section  interposed  by  the  upstream 
and  downstream  lower-porosity  sections  that  quench  the  flame. 
Fig.  2  shows  the  actual  pictures  of  the  porous  burner  assembly.  The 
complete  schematic  of  the  porous  burner  experimental  set-up  is 
shown  in  Fig.  3,  which  includes:  a)  methane  tank,  flow  controllers, 
variable  voltage  sources  and  tubing;  b)  more  detailed  view  where 
an  impinging  jet  cooling  system  along  with  insulation  is  shown;  c) 
the  inner  part  of  the  porous  burner  with  two  outer  alumina  hon¬ 
eycomb  sections  and  one  inner  porous  alumina  section;  and  d)  top 
view  of  the  outer  alumina. 

3.  Experimental  design  and  procedure 

Four  different  experiments  were  performed  using  the  proposed 
burner.  For  the  first  two  experiments,  an  AI2O3  porous  medium  was 
used  for  the  combustion  section,  which  is  considered  inert  with  no 
catalytic  enhancement  of  combustion.  In  the  first  test  using  porous 
AI2O3  media,  a  stoichiometric  mixture  was  used.  In  the  second 


experiment  with  porous  AI2O3,  the  fuel  concentration  was  peri¬ 
odically  reduced  in  order  to  determine  the  lower-limit  of  the  fuel- 
to-air  ratio.  After  these  two  AI2O3  porous  medium  experiments 
were  performed,  the  alumina  combustion  section  was  dip-coated 
with  SiC  powder,  which  was  then  tested  as  a  possible  catalytic 
enhancement  of  the  combustion  reaction.  In  the  experiments  with 
the  alumina  combustion  section  coated  with  SiC  coating,  both  a 
stoichiometric  and  a  lean  mixture  ratio  was  used  to  determine  the 
lean  flammability  limit.  The  6H-SiC  powder  (UF-10,  H.  C.  Stark)  was 
chosen  as  a  catalytic  enhancement  mainly  because  of  the  low  cost 
of  the  material,  its  broad  availability,  and  its  unexplored  catalyticity 
in  the  combustion  reaction. 

3.1.  Experimental  procedure 

The  porous  burner  was  run  with  a  stoichiometric  mixture  of 
methane  and  air  at  the  predetermined  total  flow  rate  of  11.5  L/min 
for  the  inert  AI2O3  central  section.  The  burner  was  allowed  to  run 
until  it  reached  a  steady-state  temperature,  which  was  used  to 
create  base-line  results  for  the  operational  parameters  of  the 
burner.  After  reaching  the  steady-state  condition,  the  fuel  con¬ 
centration  was  periodically  decreased.  The  inlet  air  flow  was 
increased  alongside  a  decreasing  methane  content  thereby 
keeping  the  total  flow  rate  constant.  The  concentration  was 
reduced  every  ten  minutes,  allowing  the  burner’s  temperature  to 
plateau  at  the  new  concentration  before  further  decreasing.  This 
process  was  continued  until  it  was  seen  that  the  temperatures 
within  the  burner  were  not  sustainable  (that  is  decreasing  with 
time  and  not  steady)  at  the  given  fuel  concentration,  thereby 
establishing  the  lean  operation  limit  of  the  burner.  When  possible, 
after  each  temperature  fall-off,  the  concentration  was  immedi¬ 
ately  increased  so  that  a  flame  could  be  re-established  for  a 
desirable  next  run. 

The  burner  was  then  tested  with  the  sections  coated  with  6H- 
SiC  ceramics.  First,  a  base-line  test  was  performed  with  a  stoi¬ 
chiometric  mixture  and  allowed  to  reach  a  steady-state  tempera¬ 
ture.  Another  test  was  performed  with  the  coated  section,  during 
which  the  concentration  was  reduced  as  much  as  possible  to 
determine  the  lean  limit  of  the  burner  with  the  coated  section. 


Fig.  3.  Top:  Burner  set-up  including  methane  tank,  flow  controllers,  variable  voltage  sources  and  tubing;  Bottom:  Schematic  drawing  of  burner  set-up. 
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3.2.  Catalyst  coating 

The  6H-SiC  catalytic  powder  of  interest  was  coated  on  the 
central  porous  AI2O3  section  using  a  dip-coating  technique.  Dip¬ 
coating  is  a  very  simple  slurry-coating  technique  which  refers  to: 
a)  immersing  a  sample  (in  this  case  a  porous  ceramic  foam)  into  a 
tank  containing  a  slurry  with  the  coating  material;  b)  keeping  the 
sample  in  the  slurry  for  a  specific  amount  of  time  (60  s),  allowing 
the  coating  to  penetrate  the  pores  and  bond  to  the  surface;  and  c) 
removing  the  sample  from  the  tank  and  allowing  the  sample  with 
coating  to  drain  and  dry.  Dip-coating  is  very  straightforward  and  is 
the  most  suitable  technique  for  this  purpose  since  the  porous 
structure  and  its  surface  are  difficult  to  coat  using  other  methods, 
such  as  spray  deposition  or  sputter-coating.  Immersing  the  matrix 
in  the  slurry  ensured  that  all,  or  almost  all,  of  the  surface  would  be 
covered  with  coating.  Complete  covering  of  the  interior  surface  of 
the  combustion  section  depends  on  the  viscosity  of  the  slurry  in  the 
dip  tank.  The  dip-coating  solution  is  made  by  mixing  the  ceramic 
powder  with  propan-2-ol.  Efficient  mixing  of  ceramic  powder  with 
a  solvent  was  performed  using  ultrasound,  which  allowed  the 
formation  of  a  homogeneous  and  stable  suspension.  In  order  to 
determine  the  coating  load  of  the  porous  burner  with  a  ceramic 
coating,  the  weight  of  the  porous  combustion  section  was 
measured  before  and  after  each  deposition.  If  the  coating  thickness / 
loading  was  too  little,  then  repetitive  dipping  into  the  slurry  was  be 
made,  with  each  dipping  followed  by  slow  drying,  over  24  h,  to 
ensure  that  there  is  no  spallation  and  delamination  of  the  coating 
layers  after  deposition.  The  goal  is  to  develop  a  homogenous  porous 
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Fig.  4.  Photographs  of  inert  alumina  section  and  SiC  coated  section. 


Table  1 

Detailed  thermocouple  placement  locations. 

Data  set 
label 

Thermocouple  location 

Input  0 

Before  inlet  honeycomb  section,  12.7  mm 
(1/2  the  radius)  out  from  the  radial  center 

Input  1 

Between  the  inlet  honeycomb  and  the  central 
foam  section,  12.7  mm  (1/2  the  radius)  out 
from  the  radial  center 

Input  2 

Between  the  central  foam  section  and  the  exit 
honeycomb,  placed  at  the  radial  center 

Input  3 

Below  the  central  foam  section,  direct  bottom 
middle  of  the  combustion  chamber 

Input  4 

Above  the  central  foam  section,  direct  top 
middle  of  the  combustion  chamber 

Input  5 

Outside  of  the  burner  casing,  middle  of  the 
top  surface,  underneath  thermoelectric  device 

Input  6 

Top  (cold)  side  of  the  thermoelectric  device 

coating  with  high  specific  surface  area  strongly  attached  to  the 
surface  of  the  porous  matrix.  Two  different  combustion  sections 
were  dip-coated  with  SiC  as  shown  in  Fig.  4.  A  photograph  of  the 
alumina  section  before  dip-coating  is  shown  in  Fig.  4A  and  the 
section  after  dip-coating  with  deposited  SiC  is  shown  in  Fig.  4B.  A 
mixture  composed  of  45  g  of  6H-SiC  powder  to  100  mL  of  propan-2- 
ol  was  used  in  the  testing.  Alumina  sections  were  dip-coated, 
covered  and  allowed  to  dry  for  24  h.  A  second  dip-coating  was 
deemed  necessary  for  an  even  and  complete  deposition  of  the 
catalyst.  Weight  measurements  were  taken  with  just  the  initial 
alumina  sections  and  then  after  the  first  and  second  dip-coating,  in 
order  to  determine  how  much  of  the  catalyst  was  deposited.  The 
values  that  were  obtained  have  been  listed  in  Table  2,  where  results 
of  two  different  samples  are  shown.  On  average,  the  coating  made 
up  about  12%  of  the  total  weight  of  the  burner’s  porous  ceramic 
chamber. 

3.3.  Catalyst  characterization 

Both  the  inert  alumina  combustion  and  the  dip-coated  com¬ 
bustion  sections  were  characterized  using  Scanning  Electron  Mi¬ 
croscopy  (SEM,  Ultra-55,  Zeiss,  USA).  The  surfaces  were 
characterized  at  two  different  magnifications  both  before  and  after 
the  combustion  reaction  to  determine  the  quality  of  the  surface  and 
to  detect  changes  which  would  help  to  clarify  how  the  material 
affected  combustion.  Grain  size  and  inhomogeneity  in  the  material 
were  evaluated  with  particular  interest  in  the  microstructural 
changes  in  the  porous  media  surfaces  as  a  result  of  combustion. 

The  micrographs  of  uncoated  alumina  surfaces  before  combus¬ 
tion  are  shown  in  Fig.  5A  and  B,  and  Fig.  5C  and  D  shows  the  results 
after  testing.  The  surface  of  alumina  (Fig.  5 A)  shows  a  rather  ho¬ 
mogeneous  grain  size  and  grain  size  distribution  with  no  exces¬ 
sively  large  grains  present.  The  surface-termination  steps  can  be 
found  at  the  surface  of  alumina  and  more  morphological  features  of 
the  grains  can  be  seen  in  Fig.  5B.  As  shown  by  the  figure,  the  overall 
alumina  surface  was  clean  from  external  impurities  with  no  de¬ 
posits  found.  After  testing  of  the  porous  combustion  section  in  the 
burner,  certain  amounts  of  unknown  deposits  were  detected,  as 
shown  in  Fig.  5C  and  D. 


Table  2 

Dip-coating  weights  (in  g). 


Section  # 

Before  dip-coating 

After 

1st  coat 

After 

2nd  coat 

Deposited 

Catalyst 

%  of  total 

1 

108.95 

115.01 

121.20 

12.25 

10.12 

2 

120.66 

130.29 

139.70 

19.04 

13.63 

K.T.  Mueller  et  al  /  Energy  56  (2013)  108-116 


113 


Fig.  5.  SEM  pictures  of  A1203:  before  use  (A  and  B)  and  after  use  in  the  combustion  chamber  (C  and  D). 


The  surfaces  of  the  porous  media  after  dip-coating  with  the 
catalytically  active  SiC  ceramic  layers  are  shown  in  Fig.  6.  While 
grain  size  of  alumina  without  coating  is  rather  large  (3—5  micron,  as 
shown  in  Fig.  5B),  the  particles  of  SiC  powder  are  all  in  the  range  of 
less  than  1  pm  (Fig.  6B).  Furthermore,  one  can  see  that  the  alumina 
surface  is  homogeneously  coated  with  SiC  before  testing  (Fig.  6A). 
Some  contamination  and  non-homogeneous  areas  are  visible  after 
combustion  with  no  clear  deposits  (Fig.  6C),  but  at  higher  magni¬ 
fication  one  can  see  that  morphology  of  the  SiC  fine  grains  has 
slightly  changed  from  irregular  sharp  corner  shapes  in  the  unused 
section  (Fig.  6B)  to  a  more  smooth  and  rounded  morphology  once 


the  grain  particles  were  exposed  to  the  combustion  (Fig.  6D).  This 
may  result  from  the  fact  that  the  SiC  surface  was  oxidized  and  the 
Si02  layers  were  formed  on  the  surface  of  SiC  particles.  More 
research  has  to  be  performed  for  a  more  detailed  characterization 
of  SiC  particles  after  combustion. 

4.  Testing  results  of  porous  burner 

The  burner  was  first  run  with  the  inert  porous  alumina  section 
to  obtain  a  base-line  result.  For  the  base-line  test,  a  stoichiometric 
mixture  of  methane  and  air  was  used.  The  temperature  time-trace 


Fig.  6.  SEM  pictures  of  SiC  coated  A1203:  before  use  (A  and  B)  and  after  use  in  the  combustion  chamber  (C  and  D). 
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for  the  seven  thermocouples  (locations  described  in  Table  1  and 
pictured  in  Fig.  1 )  is  shown  as  Fig.  7A.  The  thermocouple  between 
the  inlet  and  central  sections  recorded  a  maximum  steady-state 
temperature  of  480  °C.  The  steady-state  temperature  on  the  hot- 
side  and  cold-side  of  the  thermoelectric  device  was  225  °C  and 
61  °C  (outputs  from  Thermocouples  5  and  6,  respectively), 
respectively,  giving  a  temperature  difference  of  AT  =  164  °C.  The 
burner  took  approximately  3  h  to  reach  its  steady-state  tempera¬ 
ture  (it  is  noted  that  the  temperature  drop-off  after  3  h  was  due  to 
shut-off  of  the  operation).  The  extended  period  of  time  required  to 
spread  the  flame  and  develop  a  full  combustion  zone  can  be 
explained  by  the  ignition  technique  applied  in  these  experiments. 
The  spark  was  produced  by  the  igniter  located  at  the  beginning  of 
the  inlet  honeycomb  structure  (Fig.  3).  The  spark  was  produced 
periodically  to  ignite  the  stoichiometric  gas  mixture,  which  initially 
became  extinguished,  however  during  the  ignition  a  heat  wave  was 
generated  and  further  absorbed  by  the  adjacent  porous  media. 
Once  the  significant  number  of  ignitions  occurred,  the  sufficient 
preheated  volume  was  generated  in  the  system  at  the  certain 
adequate  temperature,  allowing  for  the  next  spark  to  ignite  and 
develop  a  full  combustion  zone.  The  associated  power  plot  for  the 
inert  section  run  at  stoichiometric  conditions  is  presented  in 
Fig.  7C.  The  maximum  load  current  for  this  run  was  measured  to  be 
374  mA,  as  shown  in  Fig.  7C.  The  maximum  load  voltage  was 
measured  to  be  486  mV.  The  peak  power  output  achieved  was 
181  mW.  The  burner  was  run  again  with  the  inert  porous  section, 
but  the  methane  concentration  was  now  incrementally  decreased 
to  try  to  obtain  the  lean  limit.  The  temperature  time-trace  is  shown 
in  Fig.  7B.  The  burner  was  again  allowed  to  reach  a  near  steady- 
state  temperature  of  about  480  °C  at  stoichiometric  conditions, 
which  occurred  at  approximately  2  h,  before  the  concentration  was 
decreased.  The  associated  power  plot  is  shown  as  Fig.  7D.  The 
maximum  measured  load  current  was  193  mA.  The  maximum 
measured  load  voltage  was  0.964  V.  The  peak  power  was  181  mW. 


At  an  equivalence  ratio  of  0.589,  a  steady-state  temperature  is 
possible  to  achieve,  but  at  an  equivalence  ratio  of  0.579,  the  tem¬ 
perature  continues  to  drop  at  a  rate  of  3.41  °C/min  and  combustion 
is  not  sustainable. 

The  burner  was  then  run  with  one  of  the  dip-coated  combus¬ 
tion  sections  with  deposited  SiC  coating  at  a  stoichiometric  inlet 
mixture.  For  this  run,  dip-coated  section  #1  from  Table  2  was  used. 
The  burner  was  allowed  to  reach  a  steady-state  temperature  with  a 
stoichiometric  mixture,  which  took  approximately  5.5  h,  as  shown 
in  Fig.  8A.  The  longer  time  required  to  reach  a  steady-state  tem¬ 
perature  in  the  matrix  with  SiC  coating  in  comparison  with  the 
uncoated  porous  AI2O3  matrix  can  be  explained  by  the  decrease  in 
the  pore  size  and  decrease  in  the  porosity  of  the  combustion 
section  of  the  burner  due  to  the  deposition  of  the  coating,  as  well 
as  that  some  pores  might  have  become  clogged  during  the  depo¬ 
sition  of  the  slurry.  As  a  result,  it  was  difficult  for  the  flame  to  start 
propagation  and  initiate  a  large  combustion  zone,  which  is  re¬ 
flected  in  the  appearance  of  the  low  temperature  for  a  significant 
period  of  time.  After  about  2.5  h,  the  cooling  air  flow  for  the  cool- 
side  of  the  thermoelectric  module  was  turned  off,  as  seen  by  the 
increase  in  the  temperatures  of  Input5  and  Input6,  since  it  was 
possible  that  too  much  heat  was  being  extracted  from  the  system 
to  achieve  stable  combustion.  After  about  an  hour,  the  temperature 
suddenly  increased,  similar  to  the  previous  runs,  and  the  cooling 
was  turned  back  on  while  the  burner  approached  a  steady-state 
temperature.  The  maximum  steady-state  temperature  achieved 
was  544  °C  between  the  upstream  and  combustion  sections, 
Inputl.  The  hot-side  of  the  thermoelectric  device  reached  181  °C 
and  the  cold-side  reached  53  °C  for  a  AT  =  128  °C.  The  hot-side  of 
the  thermoelectric  device  was  notably  lower  than  in  previous 
uncoated  runs,  even  though  the  maximum  temperature  was  larger 
suggesting  a  difference  in  either  flame  location  or  thermal  con¬ 
ductivity  through  the  matrix.  The  top-side  of  the  central  section 
within  the  burner,  just  below  the  thermoelectric  device,  achieved  a 
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Fig.  7.  Temperature  and  power  profiles  for  inert  A1203  section  of  combustor  under  stoichiometric  and  lean  conditions.  (A)  A  temperature  profiles  using  a  stoichiometric  mixture  of 
methane  and  air;  (B)  a  temperature  profiles  using  a  decrease  of  methane  concentration  to  achieve  the  lean  limit;  (C)  a  power  produced  during  the  run  using  the  stoichiometric 
methane  to  air  mixture;  (D)  a  power  produced  during  the  run  with  decreasing  methane  concentration. 
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Fig.  8.  Temperature  and  power  profiles  for  SiC  coated  section  of  combustor  under  stoichiometric  and  lean  conditions.  (A)  A  temperature  profiles  using  a  stoichiometric  mixture  of 
methane  and  air;  (B)  a  temperature  profiles  using  a  decrease  of  methane  concentration  to  achieve  the  lean  limit;  (C)  a  power  produced  during  the  run  using  the  stoichiometric 
methane  to  air  mixture;  (D)  a  power  produced  during  the  run  with  decreasing  methane  concentration. 


maximum  temperature  322  °C.  For  the  stoichiometric  test  with  an 
inert  central  section,  this  location  reached  a  maximum  tempera¬ 
ture  of  355  °C,  which  may  account  for  part  of  the  40  °C  difference 
on  the  hot-side  of  the  thermoelectric.  Fig.  8C  is  the  associated 
power  plot  with  maximum  load  current  of  249  mA,  maximum 
measured  load  voltage  of  1.246  V,  and  peak  power  output  of 
311  mW,  which  is  approximately  60%  higher  than  the  181  mW 
output  from  the  non-catalyzed  alumina  burner  reported  in  Fig.  7C. 
Since  the  measurements  prior  to  reaching  the  lean  limit  were  done 
while  reducing  the  equivalence  ratio,  the  spotting  of  the  time  for 
the  given  equivalence  ratio  may  not  be  consistent  throughout  this 
study.  This  may  explain  why  a  lower  AT  leads  to  a  higher  power 
output  (Fig.  7). 

The  burner  was  also  tested  with  a  porous  combustion  section 
having  a  SiC  catalytically  active  deposition  to  determine  its  lean 
operation  limit.  For  this  run,  dip-coated  section  #2  from  Table  2 
was  used.  The  burner  was  allowed  to  reach  a  peak  temperature 
of  508  °C  at  stoichiometric  conditions  before  the  cooling  was 
turned  off  and  the  mixture  ratio  was  decreased  in  periodic  in¬ 
tervals.  Fig.  8B  shows  the  temperature  time-trace  for  this  run.  The 
burner  took  about  one  hour  to  reach  its  near-peak  temperature  at 
stoichiometric  conditions.  Fig.  8D  shows  the  corresponding  power 
plot.  The  peak  measured  load  current  was  165  mA.  The  maximum 
measured  load  voltage  was  0.825  V.  The  peak  power  was  136  mW. 
The  equivalence  ratio  of  the  inlet  mixture  was  reduced  to  deter¬ 
mine  a  lean  operating  limit  for  the  burner  with  a  coated  center 
section.  A  stable  temperature  at  an  equivalence  ratio  of  0.651  was 
obtained.  The  temperature  was  declining  by  5.14  °C/min  when  the 
equivalence  ratio  was  reduced  to  0.631.  The  concentration  was 
increased  back  up  to  0.692,  allowed  to  reach  a  steady  level,  and 
then  further  reduced.  At  an  equivalence  ratio  of  0.634,  the  tem¬ 
perature  remained  level.  The  temperature  decreased  by  2.03  °C / 
min  at  an  equivalence  ratio  of  0.631.  We  can  infer  that  the  lean 
limit  for  the  burner  with  a  catalytically  coated  central  section 
was  0.634. 


The  minimum  achieved  lean  limit  for  the  inert  AI2O3  porous 
section  was  at  an  equivalence  ratio  of  0.589  and  for  the  catalytically 
6FI-SiC  coated  porous  section  was  0.634.  The  overall  conversion 
efficiency,  measured  as  the  ratio  of  the  stored  chemical  energy  of 
the  incoming  fuel  that  is  converted  into  electrical  output  of  the 
thermoelectric  module  of  the  burner  system,  was  calculated  for 
operation  with  inert  and  catalytic  central  sections  at  both  stoi¬ 
chiometric  mixture  and  the  lean  limit  (Table  3).  The  input  chemical 
energy  was  calculated  while  assuming  a  complete  combustion  re¬ 
action,  the  listed  stoichiometric  or  lean  limit  mixture  ratio,  a  heat  of 
combustion  of  55.6  MJ/kg,  a  density  of  0.668  kg/m3  at  NTP  (20  °C, 
1  atm)  conditions  [29],  and  an  inlet  total  flow  rate  of  11.5  L/min.  The 
inert  porous  section  at  a  stoichiometric  inlet  mixture  had  the 
largest  hot-side  temperature  and  temperature  difference  across  the 
thermoelectric  generator,  and  was  closest  to  the  manufacture’s 
specifications  but  did  not  produce  the  most  power.  The  catalytically 
coated  section  at  a  stoichiometric  mixture  had  the  greatest  overall 
efficiency  of  0.046%  even  though  it  had  a  lower  AT  =  128  °C  across 
the  thermoelectric  module,  lower  than  that  produced  by  the  non- 
catalytic  burner.  Both  inert  and  coated  sections,  during  their  lean 
limit  tests,  had  low  peak  temperatures  and,  therefore,  low  tem¬ 
perature  difference  over  the  thermoelectric  and  generated  the  least 
amount  of  power. 

Table  3 

Overall  conversion  efficiency. 


Test  conditions  Equivalence  Input  Output  Conversion 

ratio  chemical  electrical  efficiency 

energy  (W)  energy  (mW)  (%) 


A1203,  inert,  1 .000 

676.88 

181 

0.027 

stoichiometric  mixture 

A1203,  inert,  lean  mixture  0.589 

414.86 

145 

0.035 

SiC,  catalytic,  1 .000 

676.88 

311 

0.046 

stoichiometric  mixture 

SiC  catalytic,  lean  mixture  0.634 

444.35 

46 

0.010 
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5.  Conclusions 

The  first  attempts  to  design,  assemble,  and  test  a  super-adiabatic 
combustor  coupled  with  a  thermoelectric  module  have  been  re¬ 
ported.  The  super-adiabatic  highly-porous  (80%  porosity)  alumina 
chamber  with  a  pore  size  of  3-4  mm  was  used  as  a  central  com¬ 
bustion  section  interposed  by  honeycomb  structures  to  stabilize 
the  combustion  zone  in  the  porous  section.  The  material  of  the 
central  combustion  section  was  either  a  pure  AI2O3  or,  in  order  to 
test  the  catalytic  enhancement  of  the  alumina  surface,  AI2O3  with  a 
coating  of  catalytic  SiC.  Combustion  with  stoichiometric  and  lean 
mixtures  was  performed.  The  minimum  achieved  lean  limit  for  the 
inert  porous  section  was  at  an  equivalence  ratio  of  0.589  and  was 
0.634  for  the  SiC  coated  combustion  section.  The  results  obtained 
show  that  SiC  might  be  a  good  promoter  of  the  combustion  for  the 
stoichiometric  fuel-to-air  ratio,  but  SiC  coated  porous  media  did  not 
outperform  the  inert  AI2O3  matrix  where  the  lean  mixtures  were 
used.  Power  was  harvested  from  the  generated  heat  by  the  ther¬ 
moelectric  module  mounted  on  the  top  of  the  steel  casing.  It  was 
found  that  an  optimal  efficiency  was  obtained  with  the  SiC  coated 
combustion  sections  near  a  stoichiometric  mixture  and  that  the 
uncoated  inert  combustion  section  was  more  efficient  near  its  lean 
limit  than  at  a  stoichiometric  mixture. 
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